Bacterial growth is an important topic in microbiology and of crucial importance to better 15 understand living cells. Bacterial growth dynamics are quantitatively examined using 16 various methods to determine the physical, chemical or biological features of growing 17 populations. Due to methodological differences, the exponential growth rate, which is a 18 parameter that is representative of growth dynamics, should be differentiated. This study 19 experimentally verified the differentiation in growth rates attributed to different 20 methodologies, and demonstrated that the most popular method, optical turbidity, led to 21 the determination of a lower growth rate in comparison to the methods based on colony 22 formation and ATP abundance, due to a decay effect of reading OD600 during a population 23 increase. Accordingly, the logistic model, which is often applied to growth data reading 24 the OD600, was revised by introducing a new parameter: the decay rate, to compensate for 25 the lowered estimation in growth rates. The modified logistic model not only presented 26 an improved goodness of fit in comparison to the original model but also led to an 27 intriguing finding of a correlation between genome reduction and the decay rate. The 28 decay effect seemed to be partially attributed to the decrease in cell size accompanied by 29 a population increase and was medium dependent. In summary, the present study provides 30 not only a better theoretical tool for the high-throughput studies on bacterial growth 31 dynamics linking with experimental data using optical turbidity to the theoretical analysis 32 with biological importance, but also a valuable insight for understanding the genome 33 evolution and fitness increase in microbial life.
Introduction
Decay effect in optical turbidity triggered the lower estimated growth rate 114 A decay effect was observed when the optical turbidity results were compared to the 115 records of colony counts and OD600 values. Both the CFU assay ( Fig. 2A, upper) and 116 OD600 reads ( Fig. 2A, middle) were performed in parallel to monitor the same population 117 growth. The temporal changes in both records were supposed to be similar. Nevertheless, 118 a temporal decrease in the ratio of the OD600 reads and CFU counts was observed (Fig. 119 2A, bottom). Since the decrease was initiated from the early exponential phase, the 120 growth rates evaluated by optical turbidity (μOD) were lower than those evaluated by 121 colony formation (μCFU) (Fig. 1B) ; this defense was considered to be due to the decay 122 effect of the OD600 values. It was carefully tested whether the decay effect was caused by 123 limitations of the optical measurement. No significant mechanical errors of the optical 124 reads were detected during the exponential growth phase (OD600<0.5) compared with the 125 significant decrease in the reads of OD600 during the stationary phase (OD600>1) (Fig. S1 ). 126 It was verified that the decay of the OD600/CFU ratio during the exponential phase was 127 not attributed to mechanical errors of the optical reads but was mainly due to biological 128 issues, such as a difference in cellular properties. 129 The lower estimated growth rate according to optical turbidity was also detected either 130 under other growth conditions or in other genotypes. Wild-type E. coli cells W3110 grown 131 under various conditions (D3, D4 and Cm described in the figure legend) also showed 132 lower growth rates (N=3, P<0.05) estimated by OD600 (Fig. 2B ). In addition, the growth 133 dynamics of four different E. coli strains with reduced genomes (Strain Nos. 7, 14, 20 and 134 28), which were previously constructed (Mizoguchi et al., 2008) and characterized 135 (Kurokawa et al., 2016) , were assayed by the two methods (N=3~4). Similarly, the values 136 of μOD tended to be smaller than those of μCFU (P<0.05) regardless of the multiple 137 deletions of genomic sequences (Fig. 2C ). The results indicated that the lower growth 138 rates estimated by optical turbidity, which is the most commonly used method in bacterial 139 growth studies, frequently occurred in different genotypes and under various growth 140 conditions.
141
Collectively, a lower μOD than μCFU was found to be common. This result was attributed 142 6 to the repressed increase in the OD600 value during population growth, which suggests 143 that the changes in the cellular features were not always strictly correlated to the changes 144 in cell number or even during the exponential growth phase. This experimental finding 145 raised the question of whether the theoretical models that use the reads of optical turbidity 146 properly describe bacterial growth. Because the temporal assay using OD600 is convenient 147 and because it is easy to perform continuous reads in theoretical studies, a revision of the 148 existing growth model through a consideration of the decay in OD600 seemed practical.
150
A decay rate was introduced into the logistic model to offset the decay effect 151 A modified logistic model is proposed in the present study by introducing a novel 152 parameter, the decay rate, and considering the cellular changes that accompanied growth.
153
The logistic equation is the most popular model that is used to represent bacterial growth 154 dynamics. This equation is commonly applied to fit growth curves based on optical 155 turbidity, especially in systems and computational biology to understand the dynamics of 156 living systems. Considering the decay effect in OD600 during population growth, the 157 logistic model was revised. A new parameter, the decay rate (d), was defined, which has 158 the same unit of h -1 as the growth rate.
159
Logistic model:
Modified logistic model:
where N0, K, r, and d represent the initial cell concentration, saturated cell concentration, 164 growth rate, and decay rate, respectively.
165
To evaluate whether the modified logistic model was applicable, a large number of 166 growth data sets were fitted to the two logistic equations. A total of 710 precisely 167 measured growth curves from 29 different E. coli strains in either rich (LB) or poor (M63) 168 medium were subjected to the theoretical fitting. The histograms of parameter K estimated 169 by the two models were completely overlapped ( Fig. 3A) . However, the histograms of the 170 growth rate, r, were different between the two models ( Fig. 3B ). The mean growth rates 171 estimated by the modified logistic model were larger and with a larger variation. The 172 results indicated that the addition of the decay rate d in the logistic model did not influence 173 K, the saturated population density or the carrying capacity, but contributed to the growth 174 7 rate r independent of the nutritional conditions for population growth (Fig. S2 ). were smaller than those from the original model ( Fig. 4A ). Thus, the goodness of fit (R 2 ) 181 was better for the modified logistic model (Fig. 4B ), independent of either the genotype 182 or medium (Fig. S3 ). The results showed that the modified logistic model better explained 183 the growth dynamics of bacterial cells, which strongly indicated that the revision of the was also biologically reasonable.
189
Although the parameter of r is known to be a constant value in the logistic model, the 190 growth rate of μOD was somehow inconstant during the exponential phase when 191 monitoring by the microplate reader ( Fig. S4 ), probably due to the decay effect, which 192 was consistent with the finding that the increase of OD600 was slower with population 193 growth in comparison to that of CFU ( Fig. 2A) . Therefore, the parameter of r in the The decay rate was correlated to genome reduction in a nutritional dependent manner 202 Interestingly, a correlation between genome reduction and the decay rate was observed 203 when applying the modified logistic model to the experimental bacterial growth data.
204
Fitting the growth data of the reduced genomes to the modified logistic equation, as 205 described above, resulted in the estimated constants of r and d, which are the growth and 206 decay rates, respectively. Both the mean growth rates and mean decay rates of the repeated 207 growth assays (N=12~28) were calculated for a total of 29 strains (Nos. 0~28). The results 208 showed that a decrease along with a genome reduction was detected not only in the growth 209 rates but also in the decay rates (Fig. 5A ). The larger the genome reduction, the lower the 210 8 detection of decay. This finding was supported by the fact that the changes in growth rates 211 evaluated by OD600 and CFU were smaller with the genome reduction ( Fig. 5B ). Fewer 212 changes between μOD and μCFU resulted in a smaller decay effect in OD600. Reduction of 213 the genome size might change the cellular properties that are linked to population growth.
214
A correlation between the growth rate and genome reduction has been previously 215 reported according to the manual calculation (Kurokawa et al., 2016 in the decay rates of the reduced genomes was significantly detected in the cell growth in 224 the M63 medium but not LB medium ( Fig. S5 ), which indicated that the nutritional 225 richness affected the significance of the cellular changes that contributed to the decay rate.
226
This finding agreed with the result that the difference of the fitting goodness between the 227 two models was slight in LB but significant in M63 (Fig. S3 ).
229
The decay rate was partially attributed to the changes in cell size 230 As the decay rate of the reduced genome was much smaller than that of the wild-type often showed a large variation (Fig. 6A ), the median of the cell size of the population was 239 used as a representative parameter (Yoshida et al., 2014) . The results showed that the 240 median cell size was smaller compared to the increase in population density (Fig. 6B,   241 upper). The feature of a higher population density linked to a smaller cell size was clearly 242 identified in the wild-type genome, but not in the reduced genome (Fig. 6B, bottom) . This population might be one of the reasons that cause the decay effect in OD600. Population 247 density dependent changes in cell size were supposed to happen during the stationary 248 phase due to nutritional depletion (Vadia and Levin, 2015; Ying et al., 2015) ; however, 249 the results showed that the changes in cell size also occurred even in the exponential phase.
250
This result agrees well with the temporal decrease in the ratio of OD600/CFU from the 251 exponential phase ( Fig. 2A) .
252
The optical turbidity might reflect both the cell number and cell size. The decay rate The colony formation (colony forming unit, CFU) assay is a method of estimating the 299 number of viable bacteria in a culture solution by counting colonies on the assumption 300 that a microorganism colony that appears on agar medium is derived from one cell.
301
According to the value of OD600, multiple dilution rates of the sampled culture, which 302 varied in order, were performed to obtain 10 to 500 colonies per plate on which 100 μL where Ci and Cj represent the two reads of OD600 values at two time points of tj and ti, 356 respectively, which were discontinuous at an interval of 1 h (i.e., every 20 intervals), 357 although the reads were at intervals of 5 min. 
365
The details regarding the determination of the growth data set was previously described 366 (Kurokawa et al., 2016; Kurokawa and Ying, 2017) , and the data sets of growth in M63 367 and LB media were used in the present study. Evaluation of the models (goodness of fit) 368 was assessed based on the sum of squares, which were calculated according to the fitting of experimental data with the logistic and modified logistic models, respectively.
519
The number of growth curves is also indicated. was used for analysis. The red broken lines represent the exponential regression.
